Shortening of the cardiac action potential during ischemia and anoxia is likely to contribute to the decline in contractility that occurs under such conditions. It has been hypothesized that a decrease in the intracellular ATP concentration ([ATP],) underlies the changes hi the action potential. The recently discovered potassium channel activated at low ATP concentrations might provide the link between action potential shortening and low [ATP],. However, it has yet to be shown that [ATP], falls to the range required for channel activation at the time when action potential shortening occurs. We have measured action potentials and [ATP], simultaneously in isolated ferret hearts during inhibition of both oxidative phosphorylation and anaerobic glycolysis (metabolic blockade). Metabolic blockade caused a rapid decline hi cardiac contractility, accompanied by a rapid fall in action potential duration. [ATP], fell only slightly and remained well above the range where activation of the ATP-sensitive K + channel would be expected to occur. Moreover, reintroduction of glucose to the perfusate led to a substantial recovery hi both contraction and hi action potential duration, again in the absence of any great change hi [ATP],. These results suggest that the action potential shortening observed in metabolic blockade cannot be explained by the simple hypothesis of K + channel opening as a consequence of a decrease in bulk [ATP], unless the K m for suppression of channel activity by ATP is very much higher in intact cells than hi any of the patch configurations studied. An alternative explanation is that the channel may be regulated under these conditions by mechanisms other than a change hi [ATP],. (Circulation Research 1989;64:583-591) 
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Shortening of the cardiac action potential during ischemia and anoxia is likely to contribute to the decline in contractility that occurs under such conditions. It has been hypothesized that a decrease in the intracellular ATP concentration ([ATP],) underlies the changes hi the action potential. The recently discovered potassium channel activated at low ATP concentrations might provide the link between action potential shortening and low [ATP],. However, it has yet to be shown that [ATP], falls to the range required for channel activation at the time when action potential shortening occurs. We have measured action potentials and [ATP], simultaneously in isolated ferret hearts during inhibition of both oxidative phosphorylation and anaerobic glycolysis (metabolic blockade). Metabolic blockade caused a rapid decline hi cardiac contractility, accompanied by a rapid fall in action potential duration. [ATP], fell only slightly and remained well above the range where activation of the ATP-sensitive K + channel would be expected to occur. Moreover, reintroduction of glucose to the perfusate led to a substantial recovery hi both contraction and hi action potential duration, again in the absence of any great change hi [ATP],. These results suggest that the action potential shortening observed in metabolic blockade cannot be explained by the simple hypothesis of K + channel opening as a consequence of a decrease in bulk [ATP], unless the K m for suppression of channel activity by ATP is very much higher in intact cells than hi any of the patch configurations studied. An alternative explanation is that the channel may be regulated under these conditions by mechanisms other than a change hi [ATP],. (Circulation Research 1989;64:583-591) S hortening of the cardiac action potential during anoxia is well recognized 1 though the ionic mechanisms involved are not fully understood (for review see Carmeliet 2 ). Voltage clamp studies suggest that increases in timeindependent K + currents make the largest contribution to action potential shortening. 3 The K + channel opened by reduced intracellular ATP concentration ([ATP]|), discovered by Noma 4 and Trube and Hescheler, 3 has therefore seemed to provide a mechanism for this increased K + conductance. The [ATP] at which this channel is half open has been variously estimated as 0.1 mM 4 in excised membrane patches and 0.5 mM 6 in open cell-attached patches. Studies on internally perfused voltageclamped cells 7 suggest that [ATP]j would have to fall to below 1-2 mM before any significant activation of this current occurs.
Before the role of an ATP-dependent K + current in action potential shortening during anoxia can be fully accepted, it is necessary to show that [ATP]| actually falls to the concentration at which the current is activated under these conditions. Unfortunately, simultaneous electrophysiological and metabolic measurements during anoxic conditions are almost completely absent from the literature. There is, in fact, indirect evidence that action potential shortening can occur at a time when [ATP]; is only marginally reduced from its normal value. 8 In particular, dramatic action potential shortening occurs in anoxia when glycolysis is prevented (metabolic blockade) 910 at a time when separate nuclear magnetic resonance (NMR) measurements suggest that [ATP]j is only slightly reduced. 11 We have addressed this issue by simultaneous measurement of action potential duration and [ATP]j in Langendorff-perfused ferret hearts. Action potential duration was measured with a suction electrode and [ATP]j by phosphorus NMR spectroscopy. Large changes in the action potential duration were produced by application of cyanide when glycolysis had been largely prevented (metabolic blockade). These changes were not accompanied by a fall in [ATP] ; to the range where activation of the ATPdependent K + channel would be expected to occur. It is therefore clear that the simple model of a decrease in [ATP]j activating ATP-dependent K + channels cannot account for the action potential shortening during metabolic blockade, unless the mechanism by which channel activity is regulated in the intact cell is markedly different from what has hitherto been postulated on the basis of the patch-clamp data.
Materials and Methods
Most experiments were performed on isolated ferret hearts. These were LangendorflF-perfused with Tyrode's solution at 30° C at a constant flow rate of 5-6 ml/g wet weight/min. All solutions contained (mM) Na + 135, K + 5, Mg 2+ 1, Ca 2+ 2, Cl" 124, HCO 3 " 20, and SO< 2 " 1 and were equilibrated with a 95% 0^5% CO 2 gas mixture to give a pH of 7.4. Initially, the perfusate also contained inorganic phosphate (Pjj 1 mM), glucose (10 mM), and insulin (40 nM). The right atrium was removed, and the heart was paced at 1-2 Hz with stimulating electrodes inserted into the left ventricle. Left ventricular developed pressure was monitored with a waterfilled balloon in the left ventricle ( Figure 1 ).
Papillary Muscle Experiments
Ferret papillary muscles with a diameter of less than 1 mm were isolated from the right ventricle and mounted horizontally between a hook and a force transducer. The muscle was superfused with Tyrode's solution whose composition differed from that given above only in the inclusion of 1 mM Pj in all solutions. Tension was recorded isometrically, and the muscles were stimulated at 1 Hz. Action potentials were recorded with conventional microelectrodes filled with 3 M KC1. The procedure used to produce metabolic blockade was as described below for isolated whole hearts.
Action Potential Recording in Whole Hearts
Action potentials were monitored with a Perspex suction electrode 12 sewed loosely to the ventricular wall close to the apex. The indifferent electrode was placed in the right ventricle. Action potential recording was achieved by applying suction until the electrode became firmly attached to the ventricular wall. The resulting action potential ( Figure 1 ) had a shape similar to that recorded with microelectrodes in ferret ventricular muscle (see Figure 3 and Allen et al 9 ) but with a reduced amplitude, typically 5-20 mV. The amplitude of the action potential usually showed a slow and variable decline over 20-40 minutes; the duration did not change over this period. When an experimental intervention was complete, suction was removed and only reapplied when the next intervention started. Action potential duration was measured at 50% of the maximum plateau height (APD50).
NMR Methods
[ATP], and other intracellular phosphorus metabolite concentrations and the intracellular pH (pHj) were estimated using 3I P NMR. The heart, with the stimulating electrodes, balloon, and suction electrode in place, was inserted into a 25-mm diameter tube and placed inside a Bruker 4.7 Tesla NMR spectrometer (BrukerAG, Fauanden, Switzerland). Radio-frequency pulses of 20 /xsec duration were delivered at 1 second intervals. The resulting signals were averaged over 1-or 2-minute periods.
Intracellular pH was estimated from the chemical shift of Pj with respect to phosphocreatine. As in our previous work," Pj-free solutions were used during NMR data acquisition so that the Pj peak was exclusively intracellular. [ATP]; was estimated from the area under the /3-ATP peak. At the start of the experiment, with the heart under aerobic condition, the area of this peak was taken as equal to 1.0 unit; all other measurements throughout the experiment were normalized to this area. Details of the NMR methods are given in Allen et al. 11
Experimental Procedure
Oxidative phosphorylation was inhibited by addition of 2 mM NaCN (buffered to pH 7.4 with 5 mM HEPES). This concentration of CN~ completely blocks oxidative metabolism. 1113 The effects of CN" on developed pressure and phosphorus metabolites are indistinguishable from the effects of anoxia." The rate of anaerobic glycolysis was reduced by removing glucose from the perfusate and stimulating the heart at an increased rate (3 Hz) for 1-2 hours to deplete glycogen stores. This procedure reduces the rate of anaerobic glycolysis during anoxia in ferret hearts to less than 10% of its rate in a control anoxic period. 14 The combination of CN" and glycogen depletion is described as metabolic blockade. Figure 2 shows the effects of exposure to cyanide on APD50, developed pressure, and [ATP]j. In this experiment APD X was 210-220 msec under control conditions and showed no change on CN" exposure other than a small transient increase. Developed pressure fell to 50% of control within 7-8 minutes but was then stable for the remainder of the exposure.
Results

Effect of Cyanide Exposure in the Presence of Glucose
[ATP]j showed no significant change over the period of exposure. Original records of the action potential, developed tension, and NMR spectra from the control period and during the cyanide exposure are shown in Figure 2 . The NMR spectra show that, as expected, phosphocreatine showed a large fall and Pj showed a large rise. The metabolic effects of CN" are identical to those previously observed.'' All the changes described were reversed within 10-20 minutes after CN" had been removed.
In five experiments after 5-10 minutes of exposure to CN", developed pressure fell to 47±2% of control (mean±SEM), APD50 fell to 87±4% of control, and ATP showed no change (mean ATP, 97±4% of control).
These results are very similar to those recorded previously under comparable conditions. 1 " 15 In particular, McDonald and MacLeod 1 showed that in guinea pig papillary muscles the action potential duration fell to 40% over 1 hour of anoxia but shortened by only about 5% over the first 10 minutes.
Effect of Cyanide Exposure With Gtycolysis Prevented (Metabolic Blockade)
The procedure used to produce glycogen depletion took 1-2 hours and was usually accompanied by a reduction of 30-60% in developed pressure and a moderate (around 10%) reduction in [ATP] ( , in agreement with earlier work. 111314 Figure 3 (i) shows the effects of CN" on a glycogen-depleted heart. APDy, fell from 210 msec to 50 msec in 6-7 minutes. Rapid shortening of the action potential under these conditions was also detected in ferret papillary muscles using conventional microelectrodes [ Figure 3 (ii); see also Allen et al 9 ]. Developed pressure also declined rapidly in the whole heart experiment shown in Figure 3 (i) and was close to zero after 7 minutes of exposure to CN". Previous studies have shown that a fall in the intracellular calcium transient (presumably as a consequence of the shortening of the action potential) parallels the fall in tension under these conditions, 13 and a fall in systolic calcium must therefore make a major contribution to the decline in developed pressure in Figure 3 . The novel result shown in Figure 3 is the simultaneous measurement of metabolite concentrations, in particular that of ATP. Over the period of action potential shortening in this experiment [ATP]j only fell to 80% of control. In five experiments, developed pressure fell to 11 ±4% of control and APDJO to 44 ±6% of control after 5 minutes of exposure to CN", while the mean [ATP]j fell from 0.90 to 0.72 units, that is, to 80±8% of control. It is thus clear that the reduction in APD^ occurred before more than a small reduction in [ATP]j.
The relatively small reduction in [ATP]j which we observed under metabolic blockade is consistent with previous work on ferret hearts 11 and on rabbit 13 and guinea pig 16 cardiac muscle under similar conditions (i.e., at comparatively low stimulus rates and after relatively short periods of exposure to CN"). If cyanide exposure was prolonged (10-20 minutes) [ATP]j eventually fell to undetectable levels and a contracture developed. The slow decline in [ATP], probably results from a combination of factors: firstly, the rapid failure of both calcium release 13 and contraction presumably reduces the rate of ATP consumption in the cell to that required for resting metabolism; and secondly, glycolysis can still function at a low rate (see "Materials and Methods" and Pirolo and Allen 14 ) to meet some of this demand for ATP. Support for this explanation comes from the observation that application of CN" after complete inhibition of glycolysis with iodoacetate led to a fall in ATP to undetectable levels within 1 or 2 minutes, followed immediately by the development of a contracture (data not shown; see also Pirolo and Allen 14 ) . The particular usefulness of the comparatively "mild" metabolic blockade conditions used in the present study is that they enable the dissociation between the rapid fall in APD (and developed pressure) and the slow fall in [ATP]j to be clearly observed. This contrasts with studies using more severe forms of metabolic blockade in which the fall of [ATP]| and the fall of tension often appear to occur together (e.g., see Weiss and Hiltbrand 15 ). The effects of CN" on glycogen-depleted whole hearts and papillary muscles were reversible. Thus, removal of cyanide (in the continued absence of glucose) led to a rapid and full recovery of the action potential and a recovery of tension in three experiments on papillary muscles and in one experiment on a whole heart (data not shown).
Effect of Readdition of Glucose During Cyanide Exposure
McDonald and MacLeod 1 showed that, after action potential shortening had occurred under anoxic conditions in the absence of glucose, addition of 50 mM glucose led to a dramatic recovery of action potential duration. A similar result is illustrated in the experiment shown in Figure 4 , in which 20 mM glucose was added to a glycogen-depleted heart during exposure to CN". APD^ increased , from an isolated ferret heart stimulated at I Hz. Glycolysis had been prevented by glycogen depletion as described in the text. CN' (2 mM) was applied as indicated. Two lower left panels: NMR spectra, suction action potentials, and twitches obtained under control conditions and following the application of cyanide. Similar format to Figure 2 . Panel (ii): Continuous records ofAPDy, and tension from an isolated ferret papillary muscle stimulated at 1 Hz. Glycolysis had been prevented by glycogen depletion, and CN' (2 mM) was applied as indicated. The lower panel shows twitches and action potentials obtained at the points indicated in the continuous record.
from 40 msec to 150 msec over 3-4 minutes, an increase from 20% to 70% of the control (pre-CN") value. There was a substantial recovery of developed tension (from 5% to 25% of the control value). This recovery in APDso and pressure was accompanied by a 10% increase in [ATP],. The NMR spectra also show a fall in Pj and recovery of phosphocreatine. Addition of glucose also caused an intracellular acidosis of 0.15 pH units, presumably due to accumulation of lactic acid associated with the increase in the rate of anaerobic glycolysis. Similar results were observed in one other heart. Taking this result together with the recovery of action potential duration observed on removing CN~ in the continued absence of glucose (see above), it appears that activation of either glycolytic or oxidative metabolism leads to recovery of the action potential, in agreement with previous work. 10 
Discussion
The results presented in this paper suggest that action potential shortening occurs under conditions of metabolic blockade in the absence of large changes in bulk [ATP]j. This is in contradiction to the view, expressed in recent papers and review articles 47101718 that the shortening of the action potential is linked to a fall in the [ATP]j. The interpretation of the present data is complicated by two issues: 1) Is the action potential that we record representative of the whole ventricle? and 2) what Figure 3 . CN~ (2 mM) was present throughout. Glucose (20 mM) was added to the perfusate as indicated. Two lower panels: NMR spectra, suction action potentials, and twitches obtained before and after the readdition of glucose. This figure shows the continuation of the experiment shown in Figure  3 ; the control (precyanide) values of APDY), developed pressure, and [ATP] , are therefore those shown in Figure 3 . Similar format to Figure 2 and Figure 3 (i).
are the actual concentrations of ATP in the myoplasm under the conditions of our measurement? 1) The recorded action potential will be dominated by the contribution of cells within 1 mm or so of the suction electrode, that is, near the epicardial surface, while the NMR measurements of [ATPâ re averaged over the whole heart. It is known that metabolite levels may differ slightly in the epicardium and endocardium. However, the differences in epicardial and endocardial levels of [ATP]j are in the order of 20% or less (e.g., Boerth et al 19 ) . Moreover, ATP levels will in fact be higher in the epicardium than in the endocardium, 19 so that [ATP], in the epicardium will probably be slightly higher than the measurement of [ATP]j averaged over the whole heart suggests. Finally, an experiment in which recordings were made with an endocardial suction electrode attached to the balloon in the left ventricle gave results that were not appreciably different from those obtained with epicardial recording, suggesting that gradients of ATP (and hence differences in action potential duration) across the ventricle wall are not influencing our results.
2) NMR measures the total amount of mobile phosphorus-containing metabolites within the sensitive volume of the spectrometer. Since the heart is entirely within this sensitive volume, NMR should in principle measure the total amount of ATP in the heart. One can therefore calibrate ATP content by setting the integrated areaof the /3-ATP peak in the NMR spectrum (which contains no contributions from species other than ATP) at the start of the experiment equal to a biochemical determination of myocardial tissue ATP obtained by standard methods. Thus, Allen et al 1J calibrated phosphorusmetabolite contents by setting NMR-visible ATP equal to a value of 4.4 /imol/g wet wt obtained from freeze-clamp and extraction measurements/ This value for ATP content is similar to others in the literature for mammalian cardiac muscle (reviewed in Dawson) . Tissue content can be converted to a value of myoplasmic concentration by using an estimate of the myoplasmic volume as a fraction of wet weight. For a tissue content of 4.4 /xmol/g wet wt this gives a concentration in the myoplasm of around 7.5 mM (taking myoplasmic volume as 576 /il/g wet wt 21 ). This assumes that all ATP is myoplasmic and NMR-visible. These assumptions may be questioned on the grounds that studies on fractionated myocardial cells indicate that 10-20% of the ATP is intramitochondrial (e.g., see Geisbuhler et al 22 ) and that NMR studies of isolated mitochondria show only a very small and broad ATP peak, 23 which is likely to be undetectable in intact hearts. If 20% of the chemically measured ATP is intramitochondrial and NMR-invisible, then myoplasmic [ATP] becomes 0.8x7.5=6.0 mM under control (aerobic) conditions.
Using this calibration, the fall in [ATP]; from 0.90 to 0.72 units when APDJO fell to 44% of control during metabolic blockade represents a change in myoplasmic [ATP] from 5.4 to 4.3 mM. Studies of the ATP dependence of the K + channel 4 -7 suggest that this fall in [ATP] ; would open a negligible fraction of channels (<1%). It may be argued that only a very small fraction of the K + channels need to be open to cause a significant K + current and thus shortening of the action potential. However, published data suggest that this argument is incorrect. Taniguchi et al 17 applied CN" to isolated guinea pig cardiac cells and obtained a reduction in APDso to about 50% of the control value. Under these conditions, voltage clamp pulses in the plateau range (+10 mV) showed that outward current had increased by about 2-3 nA. In a further study, Noma and Shibasaki 7 dialyzed single cells and found it was necessary to reduce [ATP]; to 0.5 mM in order to generate 2-3 nA of outward current (at + 10 mV). There is thus a discrepancy of about a factor of 8 or 9 between our measured bulk [ATP]j (4.3 mM) and estimates of the level of [ATP] f (0.5 mM), which would produce an outward K + current sufficient to halve the action potential duration. The above discussion assumes, of course, that the action potential shortening observed in the ferret heart in this study is equivalent to that observed in guinea pig single ventricular cells. 17 This does not seem unreasonable, however, in view of the similarity of the changes in the action potential (in terms of both action potential configuration and the time course of the changes) evoked by metabolic blockade in whole ferret hearts (this study), ferret papillary muscles (Figure 3 and Allen et al 9 ), guinea pig papillary muscles, 110 and single guinea pig ventricular cells. 17 Our results consequently indicate that the ATPdependent K + channel would not be expected to be significantly activated by the fall of [ATP]; observed at the time when action potential shortening occurs. This suggests that either 1) the ATP-sensitive K + channel is not responsible for the action potential shortening; 2) [ATP] near the channel can show a large change in the face of a relatively constant bulk [ATP];; or 3) the K m for ATP of the channel is higher in the intact cell than the patch clamp data suggests, and/or there is some as yet unidentified intracellular regulator of the channel that is responsible for channel activation under conditions of metabolic blockade. These possibilities will be considered briefly in turn.
1) It is generally agreed that activation of K + channels makes the largest contribution to action potential shortening. K + channels activated by voltage, acetylcholine, ATPj, Ca 2+ j, and Na + ; are already known (e.g., see Irisawa 24 ) . Clearly it is possible that some other change in the internal environment associated with metabolic blockade activates another, as yet unidentified, class of K + channel.
2) The possibility of gradients of [ATP] within the cell, for example, as a result of a high rate of ATP consumption by ATPases at the sarcolemma, has often been suggested (see for instance the review by Jones 25 ). There is, however, no direct evidence for such gradients from measurements of ATP. Furthermore, calculations based on diffusion considerations suggest that such gradients would be very small unless there are unidentified barriers to the diffusion of ATP within the cell. 26 It has also been argued that ATP generated locally at the sarcolemma by the action of membranebound glycolytic enzymes has a special role in supporting membrane transport processes. Such "functional compartmentation" has been extensively discussed in the smooth muscle literature (e.g., see Paul 27 ) and has also been suggested to play a role in cardiac muscle. 1528 For example, glycolytic inhibition leads to an enhanced efflux of potassium from cardiac muscle. 15 Patch-clamp studies have now demonstrated that glycolytic activity, presumably due to membrane-bound enzyme complexes, is retained in permeabilized cardiac myocytes, since addition of an ATP-generating system consisting of glycolytic substrates and ADP to such cells, in the absence of ATP, leads to the closure of ATP-dependent K + channels. 28 The most attractive feature of the "local glycolytic ATP generation" hypothesis from the point of view of the experiments we have presented is that it provides an explanation of the recovery of the action potential when glucose is added back to the glycogendepleted, CN" treated heart (Figure 4 ). However, the "local glycolytic ATP generation" idea cannot explain a number of other aspects of the results. One is that reduction of the rate of glycolysis alone (i.e., glycogen depletion) did not reduce action potential duration (compare the control records in Figures 1 and 2) , as one might expect if "glycolytic" ATP were essential for keeping the ATPdependent K + channel closed (the same result has been observed by other workers 115 ). Following glycogen depletion (i.e., with glycolytic activity already greatly reduced), it appears to be blocking oxidative metabolism which is the crucial event in evoking the large reduction in action potential duration ( Figure 3 ). Furthermore, removal of CN" (reactivation of aerobic ATP production alone) returned the action potential duration to control levels, suggesting that activation of either aerobic or anaerobic metabolism is effective in restoring the action poten-tial. These results cannot easily be reconciled with the "local glycolytic ATP generation" theory, particularly since the rate of glycolysis actually accelerates, albeit modestly, when CN~ is applied to the glycogen-depleted heart. 14 3) The most probable explanation seems to be that the ATP-sensitive K + channels are involved, but either (i) the apparent K m for ATP is very much higher in intact, undisturbed cells, or (ii) the channels can be activated by some other mechanism than simply a reduction in [ATP]. One piece of evidence that suggests that ATP-dependent K + channels are involved in the action potential shortening in the present experiments is that tolbutamide (2 mM), which is known to partially block ATPdependent K + channels, 29 produced a moderate prolongation of shortened action potentials (although it did not return the action potential duration to control levels).
As noted previously, there is evidence that the apparent K m for channel inactivation by ATP is higher in open cell-attached patches (0.5 mM 6 ) and perfused cells (0.5 mM 7 ) than in isolated patches (0.1 mM 4 ). This has been interpreted by some authors as indicating the presence of ATP gradients in the intact cell 18 (however, see the above discussion of gradients), although it might simply reflect the difficulties of controlling [ATP] in the more nearly intact preparations. A further possibility is that it might represent the influence of some other unidentified metabolite or ion in the cell or some structural component that is most effective in intact cells. Many other substances have already been tested on these channels. It is known that Ca, 430 Mg, 31 Na, 6 ADP, 4 GTP, undine triphosphate, and nonhydrolyzable ATP analogues 6 all inhibit channel opening, while adenosine, AMP, creatine phosphate, and creatine 6 and the intermediates of the glycolytic pathway 28 have been found not to affect channel activity. Most relevant in the present context may be the recent discovery in insulinsecreting cells that K + channels that have been inhibited by ATP can be opened by ADP in the 100-500 fiM concentration range. 32 -33 Such observations, if confirmed in cardiac preparations, would help to resolve the discrepancy that our results have identified, since (i) [ADP]j is known to rise during metabolic blockade," and (ii) the recovery of the action potential in Figure 4 is accompanied by an increase in phosphocreatine at a relatively constant [ATP] h which implies a decrease in [ADP];. In all probability, channel activation and inactivation is regulated by a combination of several mechanisms, as discussed by Ashcroft in a recent review. 34 It is clear, however, that simple regulation of the channel by bulk [ATP]j alone cannot explain the action potential shortening in intact, multicellular cardiac muscle preparations during metabolic blockade.
